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(54) Diffractive optical element 

(57) A diffractive optical element is composed of a 
plurality of diffraction gratings which differ in dispersion 
from each other and are laminated while being spaced 
to enhance diffraction efficiency for a particular order 
(design order) throughout an entire usable wavelength 



region, wherein edges of at least part of corresponding 
grating portions of the plurality of diffraction gratings are 
shifted from each other in a direction of arrangement of 
grating portions of each diffraction grating. 
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Description 

BACKGROUND OF THE INVENTION 
5 Field of the Invention 

[0001] The present invention relates to diffractive optical elements and, more particularly, to a diffractive optical ele- 
ment having such a grating structure that concentrates a plurality of wavelengths or a predetermined band of wave- 
lengths of light on a particular order (or design order). Still more particularly, it relates to optical systems using such 
10 diffractive optical elements. 

Description of Related Art 

[0002] Heretofore, the optical systems have been corrected for chromatic aberrations by combining two glass mate- 

75 rials (lenses) of different dispersion. 

[0003] Unlike this conventional method of reducing the chromatic aberrations, a novel method of further reducing the 
chromatic aberrations by using a diffractive optical element in which a diffraction grating having a diffracting function is 
provided on a lens surface or in part of the optical system is disclosed in, for example, SPIE Vol. 1354 "International 
Lens Design Conference " (1990), Japanese Laid-Open Patent Applications No. Hei 4-213421 and No. Hei 6-324262 

20 and U.S. Patent No. 5,044,706. 

[0004] The above novel method h^beenclevelopecJ byxitilizingaphysical phenomenon that the refractive surface 
and the diffractive surface in an optical system produce chromatic aberrations for the rays of light of a certain reference 
wavelength in respective opposite directions. 

[0005] Moreover, such a diffractive optical element can be made to behave like an aspherical lens by changing the 
25 periodic structure thereof, giving a great advantage of reducing many aberrations. 

[0006] Here, the actions of light passing through the refractive surface and the diffractive surface are compared. For 
the refractive surface, one beam after being refracted even remains one in number. For the diffractive surface, one 
beam, when diffracted, breaks up into a number of beams in diffraction orders. 

[0007] Thus, rf the diffractive optical element is used as a lens system, there is need to decide the grating structure 
30 so that a light beam of the usable wavelength region concentrates in a particular order (hereinafter also referred to as 
"design" order). In a situation when light concentrates on the particular order, the intensities of light beams of the other 
diffraction orders become low. tf the intensity is "0", the corresponding diffracted light can be regarded as not existing. 
[0008] For that purpose, the diffraction efficiency for light beams in the design order must be high enough. In another 
situation when the diffracted rays in the other orders than the design order are present, they focus themselves at differ- 
35 ent places than that at which the rays in the design order do, becoming light to produce flare. 

[0009] In an optical system employing the diffractive optical element, it is, therefore, of great importance to fully con- 
sider even the spectral distribution of diffraction efficiencies in the design order and the behavior of the rays in the other 
orders. 

[001 0] Fig. 1 2 shows a mono-layer diffractive optical element 1 in which a diffraction grating 3 is formed on a substrate 
40 2, constituting part of an optical system. Fig. 13 shows characteristic curves of the diffractive optical element 1 for 
selected orders of the diffraction efficiency against wavelengths. 

[001 1] The values of the diffraction efficiency are in percentage of the amount of diffracted light of each wavelength 
to the total amount of transmitted light. The reflected light from the grating boundary or the like is not taken into account 
in the evaluation. 

45 [001 2] As the optical material of the diffractive optical element 1 , use is made of a plastic material named "PMMA" 
(nd= 1 .4917, vd= 57.4). The grating thickness "d" is determined to be 1.07 ^m. In Fig. 13, the abscissa axis represents 
wavelength and the ordinate axis represents diffraction efficiency. 

[0013] The diffractive optical element 1 is so designed that the diffraction efficiency is highest at a wavelength of 530 
nm in the first order (solid line in Fig. 13). That is, the design order is the first order. 
50 [0014] Further, the diffraction efficiencies in the next orders to the first one (or (1±1)st orders, namely, the zero order 
and the second order) are also depicted for comparison. As shown in Fig. 13, it is in the design order that the diffraction 
efficiency takes a highest value at a certain wavelength (hereinafter referred to as "design" wavelength) and falls off 
gradually at other wavelengths. 

[0015] In the arrangement described above, the lowered portion of the diffraction efficiency in the design order 
55 becomes the diffracted rays in the other orders, that is, flare. Also, if a plurality of diffraction gratings are used, the low- 
ering of the diffraction eff iciency at the other wavelengths than the design wavelength leads to reduction of the trans- 
mittance. 

[0016] An arrangement that can diminish the lowering of the diffraction efficiency has been proposed in Japanese 
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Laid-Open patent Application No. Hei 10-133149. The diffractive optical element suggested in this proposal is shown in 
Fig. 14, where two diffraction gratings 4 and 5 are applied on a substrate 2 in superimposed relation to form a diffraction 
grating of laminated structure in cross-section. The refractive indices and dispersion characteristics of the materials of 
the two layers and the grating thickness of each layer are made optimal to realize a high diffraction efficiency over the 
5 whole visible spectrum. Fig. 15 is a graph for explaining the spectral characteristics of the diffractive optical element 1 
shown in Fig. 14. 

[001 7] Another arrangement that can diminish the lowering of the diffraction efficiency is proposed in Japanese Laid- 
Open Patent Application No. Hei 9-127322. As shown in Fig. 16, three diffraction gratings 4, 21 and 5 are made up by 
optimally selecting three different kinds of material and two different grating thicknesses d1 and d2, and are laid adja- 
io cent to each other on the substrate 2 with their grooves distributed in equal pitches, thus realizing a high diffraction effi- 
ciency throughout the entire range of visible spectrum, as shown in Fig. 17. 

[0018] In the prior known diffractive optical elements described above, the detailed specification is available about the 
materials and grating thicknesses with which to form the relief pattern (hereinafter also referred to as the "diffraction 
grating surface"). However, concerning what values to use in the grating pitch and the total sum of the grating thick- 
is n esses including the interval between the two gratings (diffraction gratings), only the condition of the Q value satisfying 
the thin type of diffraction grating is explained. 

[001 9] However, as a plurality of diffraction gratings are laminated to reduce the lowering of the diffraction efficiency 
over the entire range of visible spectrum, a number of design parameters have to be taken into account. Among all the 
combinations of the factors, the ones disclosed in the above-cited documents are not always the best in some cases. 
20 Although will be more fully described later, for example, the grating pitch is too much small, and the interval between 
the two diffraction gratings (the thickness d3 in Fig. 16) is too much large. 

[0020] Further, in the prior known diffractive optical elements described above, with regard to the grating pitch in each 
relief pattern, it is only suggested that all the pitches are made equal to one another and the corresponding grooves are 
arranged in confronting relation, and what are concerned with these are only illustrated. In other words, , a premi se is 
25 made such thaUhejjrating edges of the two relief patterns are aligned to each-other. 



BRIEF SUMMARY OF THE INVENTION 

[0021 ] The present invention is applied to the diffractive optical element having two or more diffraction gratings of drf- 
30 ferent kinds appropriately stratified on a substrate, and has an aim to obtain a high diffraction efficiency even when the 
grating pitch is small, or when the grating thickness is large, thus making it possible to effectively suppress flare or the 
like. 

[0022] According to a first aspect of the present invention, there is provided a diffractive optical element, comprising 
a plurality of diffraction gratings which differ in dispersion from each other and are laminated while being spaced to 
35 enhance diffraction efficiency for a particular order (design order) throughout an entire usable wavelength region, 
wherein edges of at least part of corresponding grating portions of the plurality of diffraction gratings are shifted from 
each other in a direction of arrangement of grating portions of each diffraction grating. 

[0023] According to a second aspect of the present invention, there is provided a diffractive optical element, compris- 
ing a plurality of diffraction gratings which differ in dispersion from each other and are laminated while being spaced to 
40 enhance diffraction efficiency for a particular order (design order) throughout an entire usable wavelength region, 
wherein grating pitches of at least part of corresponding grating portions of the plurality of diffraction gratings are differ- 
ent from each other. 

[0024] According to a third aspect of the present invention, as applied to the diffractive optical element in the first or 
second aspect, a grating pitch of each of the plurality of diffraction gratings is gradually varied, and shifting of edges 
45 between corresponding grating portions of the plurality of diffraction gratings becomes larger accordingly as the grating 
pitch of each grating portion becomes smaller. 

[0025] According to a fourth aspect of the present invention, as applied to the diffractive optical element in the first or 
second aspect, where n1 L and n2L are refractive indices for an arbitrary wavelength A. on a light-entrance side and a 
light-exit side, respectively, of a material of the L-th diffraction grating, when counted from a substrate, of the plurality of 
so diffraction gratings, GL is an angle an incident ray makes with a normal line of a grating, P is a grating pitch, dL is a grat- 
ing thickness of the L-th diffraction grating, and DL is a distance between the L-th diffraction grating and the (L+1)st dif- 
fraction grating, a positional shift AxL between edges of corresponding grating portions of the (L+1)st diffraction grating 
and the L-th diffraction grating satisfies the following condition: 

55 0 < AxL < 2((dL/2) + DL) * tan a L+1 a L+1 = sin" 1 ((n1L * sinOL - (n1L - n2L) d1/P) / n2L). 

[0026] According to a fifth aspect of the present invention, as applied to the diffractive optical element in the first 
aspect, the diffractive optical element has a plurality of areas in a light-transmitting plane, and edges of corresponding 
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grating portions of laminated diffraction gratings in part of the plurality of areas are shifted from each other. 
[0027] According to a sixth aspect of the present invention, as applied to the diffractive optical element in the second 
aspect, the diffractive optical element has a plurality of areas in a light-transmitting plane, and grating pitches of corre- 
sponding grating portions of laminated diffraction gratings in part of the plurality of areas are different from each other. 
5 [0028] According to a seventh aspect of the present invention, as applied to the diffractive optical element in the first 
aspect, shifting of edges between corresponding grating portions of the plurality of diffraction gratings is realized by 
changing the width of a grating pitch at particular locations of the grating portions. 

[0029] According to an eighth aspect of the present invention, as applied to the diffractive optical element in the sec- 
ond aspect, a difference between grating pitches of corresponding grating portions of the plurality of diffraction gratings 
10 is realized by changing the width of a grating pitch at particular locations of the grating portions. 

[0030] According to a ninth aspect of the present invention, as applied to the diffractive optical element in the first or 
second aspect, the plurality of diffraction gratings include at least one diffraction grating a direction of increase of a grat- 
ing depth of which is different from that of the other diffraction gratings. 

[0031] According to a tenth aspect of the present invention, as applied to the diffractive optical element in the first or 
15 second aspect, the usable wavelength region is a visible spectrum. 

[0032] According to an eleventh aspect of the present invention, as applied to the diffractive optical element in the first 
or second aspect, the first diffraction grating, when counted from a substrate, of the laminated plurality of diffraction 
gratings is made from the same material as that of the substrate. 

[0033] According to a twelfth aspect of the present invention, as applied to the diffractive optical element in the first 
2 0 or second as pect, the plurality of diffractio n gratings consist of two_djff rac^on.qratings^having respective-gratinq portions 
edges or pitches of which are shifted or different from each other, the two diffraction gratings confronting each other 
across an air layer. 

[0034] According to a thirteenth aspect of the present invention, there is provided a diffractive optical element, com- 
prising a plurality of diffraction gratings which differ in dispersion from each other and are laminated while being spaced, 
25 wherein, with respect to at least two wavelengths, a maximum optical path length difference is made equal to integer 
times each of the wavelengths, and wherein edges of at least part of corresponding grating portions of the plurality of 
diffraction gratings are shifted from each other in a direction of arrangement of grating portions of each diffraction grat- 
ing. 

[0035] According to a fourteenth aspect of the present invention, there is provided a diffractive optical element, com- 
30 prising a plurality of diffraction gratings which differ in dispersion from each other and are laminated while being spaced, 
wherein, with respect to at least two wavelengths, a maximum optical path length difference is made equal to integer 
times each of the wavelengths, and wherein grating pitches of at least part of corresponding grating portions of the plu- 
rality of diffraction gratings are different from each other. 

[0036] According to a fifteenth aspect of the present invention, as applied to the diffractive optical element in the thir- 
35 teenth or fourteenth aspect, a grating pitch of each of the plurality of diffraction gratings is gradually varied, and shifting 
of edges between corresponding grating portions of the plurality of diffraction gratings becomes larger accordingly as 
the grating pitch of each grating portion becomes smaller. 

[0037] According to a sixteenth aspect of the present invention, as applied to the diffractive optical element in the thir- 
teenth or fourteenth aspect, where nl L and n2L are refractive indices for an arbitrary wavelength x on a light-entrance 
40 side and a light-exit side, respectively, of a material of the L-th diffraction grating, when counted from a substrate, of the 
plurality of diffraction gratings, ei_ is an angle an incident ray makes with a normal line of a grating, P is a grating pitch, 
dL is a grating thickness of the L-th diffraction grating, and DL is a distance between the L-th diffraction grating and the 
(L+1)st diffraction grating, a positional shift AxL between edges of corresponding grating portions of the (L+1)st diffrac- 
tion grating and the L-th diffraction grating satisfies the following condition: 

45 

0 < AxL < 2((dL72) + DL) * tan a L+1 a L+1 = sin 1 «n1 L * sinOL - (n1L - n2L) d1/P) / n2L). 

[0038] According to a seventeenth aspect of the present invention, as applied to the diffractive optical element in the 
thirteenth aspect, the diffractive optical element has a plurality of areas in a light-transmitting plane, and edges of cor- 
so responding grating portions of laminated diffraction gratings in part of the plurality of areas are shifted from each other. 
[0039] According to an eighteenth aspect of the present invention, as applied to the diffractive optical element in the 
fourteenth aspect, the diffractive optical element has a plurality of areas in a light- transmitting plane, and grating pitches 
of corresponding grating portions of laminated diffraction gratings in part of the plurality of areas are different from each 
other. 

55 [0040] According to a nineteenth aspect of the present invention, as applied to the diffractive optical element in the 
thirteenth aspect, shifting of edges between corresponding grating portions of the plurality of diffraction gratings is real- 
ized by changing the width of a grating pitch at particular locations of the grating portions. 

[0041 ] According to a twentieth aspect of the present invention, as applied to the diffractive optical element in the four- 
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teenth aspect, a difference between grating pitches of corresponding grating portions of the plurality of diffraction grat- 
ings is realized by changing the width of a grating pitch at particular locations of the grating portions. 
[0042] According to a twenty-first aspect of the present invention, as applied to the diffractive optical element in the 
thirteenth or fourteenth aspect, the plurality of diffraction gratings include at least one diffraction grating a direction of a 
s grating portion of which is different from that of the other diffraction gratings. 

[0043] According to a twenty-second aspect of the present invention, as applied to the diffractive optical element in 
the thirteenth or fourteenth aspect, the two wavelengths are included in a visible spectrum. 

[0044] According to a twenty-third aspect of the present invention, as applied to the diffractive optical element in the 
thirteenth or fourteenth aspect, the first diffraction grating, when counted from a substrate, of the laminated plurality of 

w diffraction gratings is made from the same material as that of the substrate. 

[0045] According to a twenty-fourth aspect of the present invention, as applied to the diffractive optical element in the 
thirteenth or fourteenth aspect, the plurality of diffraction gratings consist of two diffraction gratings having respective 
grating portions edges or pitches of which are shifted or different from each other, the two diffraction gratings confront- 
ing each other across an air layer. 

75 [0046] According to a twenty-fifth aspect of the present invention, as applied to the diffractive optical element in one 
of the first to twenty-fourth aspects, the diffraction efficiency in a particular order is made not less than 95% in a wave- 
length range of 450 nm to 650 nm. 

[0047] Further, there is provided an image forming optical system or an observing optical system using the diffractive 
optical element in one of the first to twenty-fifth aspects. 
20 [0048] These and further aspects and features of the present invention will become apparent from the following 
detailed description of preferred embodiments thereof taken in conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING 

25 [0049] 

Fig. 1 is a front elevation view of a diffractive optical element according to a first embodiment of the invention. 
Fig. 2 is a fragmentary sectional view, in enlarged scale, of the diffractive optical element according to the first 
embodiment. 

30 Fig. 3 is a graph for explaining the relationship between the positional shift and the diffraction efficiency for the 
design order with respect to wavelengths in the diffractive optical element according to the first embodiment. 
Fig. 4 is a graph for explaining the relationship between the positional shift and the diffraction efficiency for the 
design order in the diffractive optical element according to the first embodiment. 

Fig. 5 is a plan view of the main part of a diffractive optical element according to a second embodiment of the inven- 
35 tion. 

Fig. 6 is a cross-sectional view of the diffractive optical element taken along A-A* line of Fig. 5. 
Fig. 7 is a graph for explaining the grating pitch and the positional shift relative to the grating number in the diffrac- 
tive optical element according to the second embodiment. 

Fig. 8 is a plan view of the main part of a diffractive optical element according to a third embodiment of the inven- 
40 tion. 

Fig. 9 is a graph for explaining the grating pitch and the positional shift relative to the grating number in the diffrac- 
tive optical element according to the third embodiment. 

Fig. 10 is a schematic diagram of an optical system using the diffractive optical element according to a fourth 
embodiment of the invention. 

45 Fig. 11 is a schematic diagram of an optical system using the diffractive optical element according to a fifth embod- 
iment of the invention. 

Fig. 12 is a fragmentary sectional view of the main part of a conventional diffractive optical element. 

Fig. 13 is a graph for explaining the diffraction efficiency for diffraction orders in the diffractive optical element 

shown in Fig. 12. 

so Fig. 14 is a fragmentary sectional view of the main part of another conventional diffractive optical element. 

Fig. 15 is a graph for explaining the diffraction efficiency for the first order in the diffractive optical element shown 
in Fig. 14. 

Fig. 16 is a fragmentary sectional view of the main part of a further conventional laminated-type diffractive optical 
element. 

55 Fig. 17 is a graph for explaining the diffraction efficiency for the first order in the diffractive optical element shown 
in Fig. 16. 
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DETAILED DESCRIPTION OF THE INVENTION 

[0050] Hereinafter, preferred embodiments of the invention will be described in detail with reference to the drawings. 
[0051] Fig. 1 is a front elevationat view showing a diffractive optical element according to a first embodiment of the 
5 invention. Referring to Fig. 1 , the diffractive optical element 1 has such a construction that a multilayer diffraction grating 
3 composed of a plurality of diffraction gratings is formed on a substrate 2. 

[0052] Fig. 2 is a fragmentary sectional view of the diffractive optical element 1 shown in Fig. 1 , as taken along line 
A-A' in Fig. 1 . Incidentally, the illustration of Fig. 2 is considerably deformed in the direction of depth of the grating (dif- 
fraction grating). 

10 [0053] The diffraction grating 3 according to the first embodiment is shaped such that, on the substrate 2, a diffraction 
grating 4 as a first layer and a diffraction grating 5 as a second layer which differ in dispersion from each other are lam- 
inated with an air layer AIR put therebetween. 

[0054] A first diffraction grating surface 6 is formed by the boundary between a grating portion 4a of the first layer and 
the air layer AIR, and a second diffraction grating surface 7 is formed by the boundary between the air layer AIR and a 
15 grating portion 5a of the second layer. In the laminated diffraction gratings 4 and 5, positions of respective grating edges 
8 of the grating portions 4a and 5a, which constitute respective grating pitches of the diffraction gratings 4 and 5, are 
relatively shifted from each other in the direction of the grating pitch (in the direction of arrow A-A*). Then, all the layers 
thus laminated optically functions as one diffractive optical element. 

[0055] Further, in the laminated diffraction gratings 4 and 5 according to the first embodiment, a grating thickness d1 
_gg__of_the first diffraction grating 4 in o ne perio d thereof decre ase s monotonousl y a s viewed from the left to the ri ght in Fig. 
2, and a grating thickness d2 of the second diffraction grating 5 in one period thereof increases monotonously as viewed 
from the left to the right in Fig. 2. 

[0056] Further, the air layer AIR is put between the diffraction grating surfaces 6 and 7. By this arrangement, the 
grooves of the diffraction grating surfaces 6 and 7 can be made shallower, so that the diffractive optical element 

25 becomes amendable to easy production techniques. 

[0057] It will be appreciated that the diffractive optical element according to the first embodiment has such a structure 
of construction that at least two diffraction gratings made of at least two materials of different dispersion are superim- 
posed one upon another in contacted (nearly contacted) relation and such a grating form that grating edges of corre- 
sponding grating portions of the diffraction gratings are relatively shifted from each other in the direction of the grating 

30 pitch. 

[0058] With the grating edges of the corresponding grating portions relatively shifted from each other, there can be 
obtained a higher diffraction efficiency than that when no shifting is present in the structure of construction of Fig. 1 . In 
application to an optical system, too, flare or like can be advantageously suppressed to a minimum. 
[0059] Next, the diffractive optical element in the invention is discussed from the point of view of the diffraction effi- 
35 ciency. In an ordinary, one-layer transmission-type diffractive optical element 1 as shown in Fig. 12 in sectional view, the 
diffraction efficiency becomes highest at the design wavelength AO under a condition that, as a light beam is perpendic- 
ularly incident on the diffraction grating 3. the difference between the optical path lengths to the peak and valley of the 
diffraction grating 3 (or the maximum optical path length difference) is equal to integer times the design wavelength. 
Thus, the following relation is obtained: 

40 

(n011 - n021)d = mAO (1). 

[0080] Here, n01 1 is the refractive index for the wavelength AO of a material on the light-entrance side and n021 is the 
refractive index for the wavelength AO of a material on the light-exit side. In the ordinary diffractive optical element, the 

45 light-exit side faces an air layer, so that n021 = 1 .0. Further, d represents the grating thickness, and m stands for the 
order number of diffraction. Even in a diffractive optical element having two or more diffraction grating layers, the fun- 
damental laws are applied in a similar fashion. In order to make all the layers function as one diffraction grating, the dif- 
ference between the optical path lengths to the peak and valley of the grating portion of each diffraction grating which 
is formed in the boundary between any adjoining two of the layers is first found. For all the boundaries, the differences 

so are summed up. So, determination is made such that the total sum falls in becoming equal to integer times the design 
wavelength. In the case of the first embodiment shown in Fig. 2, therefore, the following condition is obtained: 

(n01 1 - n021)d1 ± (n022 - n012)d2 = mAO (2) 

55 where n01 1 is the refractive index for the wavelength AO of a material on the light-entrance side of the first diffraction 
grating 4, n021 is the refractive index for the wavelength AO of a material (AIR) on the light-exit side of the first diffraction 
grating 4, n012 is the refractive index for the wavelength AO of a material (AIR) on the light-entrance side of the second 
diffraction grating 5, n022 is the refractive index for the wavelength AO of a material on the light-exit side of the second 
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diffraction grating 5, and d1 and d2 are respectively the grating thicknesses of the first diffraction grating 4 and the sec- 
ond diffraction grating 5. 

[0061] Here, since diffraction occurs on either side of the zero order, what diffracts to the left as viewed in Fig. 2 is 
assumed to be positive in the diffraction orders. Then, for the symbol of in the equation (2), it reads in the case 
5 of the first diffraction grating 4, in which the grating thickness decreases as viewed from the left to the right in Fig. 2, or 
it reads in the case of the second diffraction grating 5, in which the grating thickness increases as viewed from the 
left to the right in Fig. 2. 

[0062] Although the diffraction grating surfaces 6 and 7 in Fig. 2 are illustrated as formed at the boundaries with air, 
the invention is not confined thereto. As is apparent from the equation (2), instead of air, an optical material may be used 
io with the result that the diffraction grating surface is formed at the boundary between two different materials. 

[0063] In addition, in the invention, such a grating form is made that the grating edges 8 of corresponding grating por- 
tions (4a, 5a) of the diffraction gratings 4 and 5 are relatively shifted from each other in the direction of the grating pitch 
(in the direction of arrow A- A'). 

[0064] Such features of the invention produce effects which are described by citing practical examples below. As the 
is laminated multilayer type of diffractive optical element in the invention, a two-layer one as shown in Fig. 2 is considered. 
For the first layer (the first diffraction grating 4), the material chosen here is an ultraviolet setting resin C001 (nd= 1 .524, 
vd= 50.8) made by Dai-Nippon Ink Chemical Industry Co. Ltd. For the second layer (the second diffraction grating 5), 
another ultraviolet setting resin (nd= 1 .635, vd= 23.0) is chosen. 

[0065] The thickness of the first diffraction grating 4 is assumed to be d1 = 9.5 \im, the thickness of the second diffrac- 
20 tion grating 5 to be d2= 6.9 *un, the distance between the two diffraction gratings 4 and 5 to be DL= 1 .0 \vm and the 
grating pitch to be 30 um. 

[0066] At first, the conventional example in which there exists no relative shift of the grating edges has the diffraction 
efficiency as shown in Fig. 15. In Fig. 15, a solid line curve is obtained when the design parameters have the same val- 
ues as those cited above. Incidentally, for the purpose of comparison, the diffraction efficiency in this case obtained 
25 when the grating pitch only is increased to 140 pm is shown by the dashed line curve. 

[0067] As is understandable from the comparison of these two curves, a lower diffraction efficiency results from the 
smaller grating pitch. This lowering is as large as 4 to 5% and, moreover, uniformly over the entire range of wavelengths, 
being not negligible as the flare light and being, therefore, desired to be improved. 

[0068] Next, a case where the parameters have the values cited before and, as in the invention, the grating edges are 
30 relatively shifted from each other is discussed. Referring to Fig. 2, the first and second diffraction gratings 4 and 5 have 
m-th grating portions with their grating edges 8 respectively at distances RL(m) and RL+1 (m) measured from a certain 
reference point. The relative positional shift AxL(m) between the grating edges 8 is expressed by the following equation: 

AxL(m) = RL(m) - RL+1(m). 

35 

[0069] Fig. 3 is a graph showing the values for the parameter of the diffraction efficiency in the first order as the design 
order, which are plotted against wavelengths when the relative positional shift AxL(m) is varied from -1 .5 um to 2.25 um. 
It will be seen from the graph of Fig. 3 that the diffraction efficiency becomes higher as the relative positional shift 
AxL(m) is varied in the order of 0.75, 1 .5, 0, 2.25, -0.75, -1 .5 urn. From this fact, the diffraction efficiency is found to be 
40 2 to 3 % improved throughout the entire range of wavelengths when the grating edges are shifted from each other by a 
distance of about 0.75 utn, as compared with when the relative positional shift AxL(m) is "0" as in the conventional 
example. 

[0070] Also, Fig. 4 shows a variation of the diffraction eff iciency at a wavelength of 550 nm by taking the abscissa in 
the relative positional shift AxL(m). Referring to Fig. 4, more precisely speaking, the diffraction efficiency reaches a 

45 peak when the relative positional shift AxL(m) is 1 .0 jam or thereabout. 

[0071] Further, suppose it happens during manufacturing that the grating edges 8 have failed to match the optimum 
value of the relative positional shift AxL(m), then the diffraction efficiency is caused to change as follows. If the tolerance 
for positioning is, for example, ±0.5 jxm, it results in the conventional example that, because of its having no relative 
positional shift ( AxL(m)= 0 ), the deviation from the ideal value is reflected to a position error of ±0.5 urn, which in turn 

50 causes the diffraction efficiency to fluctuate by about 5%. 

[0072] On the other hand, in the first embodiment, the relative positional shift ranges 1 0±0.5 pm, i.e., varies from 0.5 
to 1 .5 um, thus making it possible to limit the range of variation of the diffraction efficiency to 1% or less, as can be read 
from the graph of Fig. 4. Therefore, while, in the conventional example, to keep the high diffraction efficiency, there is 
need to accurately align the edges of the confronting grating portions, the arrangement of the invention has an addi- 

55 tional advantage of comparatively moderating the tolerance for assembling than the conventional example. 

[0073] It is to be noted that, as the grating pitch decreases, the relative positional shift of the grating edges in the 
invention is made rather larger, so that the diffraction efficiency is further improved. Also, it is preferred that, as the dis- 
tance between the L-th diffraction grating and the (L+1)st diffraction grating increases, the relative positional shift of the 
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grating edges is made larger. 

[0074] In more detail, where n1 L and n2L are the refractive indices for an arbitrary wavelength X on the light-entrance 
side and the light-exit side, respectively, of a material of the L-th diffraction grating, 6L is an angle an incident ray makes 
with a normal line of a grating, P is the grating pitch, dL is a grating thickness of the L-th diffraction grating, and DL is a 
5 distance between the L-th diffraction grating and the (L+1 )st diffraction grating, it is preferred that the relative positional 
shift AxL of the grating edges which form the grating pitch of the (L+1)st diffraction grating and the grating pitch of the 
L-th diffraction grating satisfies the following condition: 

0 < AxL < 2((dL/2) + DL) * tan a L+1 a L+1 =sin " 1 ((n1L * sinOL - (n1L - n2L) d1/P) / n2L). 

w 

In actual practice, if the relative positional shift AxL is not greater than "2((dL/2) + DL) * tan a L+1 the effect of the 
invention can be adequately obtained. 

[0075] In connection with the first embodiment, it is to be noted that, instead of the air layer, the space between the 
L-th diffraction grating and the (L+1)st diffraction grating may otherwise be filled with a material which is different in 

is refractive index from each of the materials of the L-th diffraction grating and the (L+1 )st diffraction grating. 

[0076] Also, in the first embodiment, the diffractive optical element may be divided into a number of areas, and in dif- 
fraction gratings located in part of the plurality of areas, the grating edges may be shifted from each other in the direction 
of the grating pitch. Further, the relative positional shift of the grating edges may be effected by varying the width of the 
grating pitch at a particular section of the grating portion. 

20 [ 0077 ] A second embodiment of t h e inventio n is described below. Although the f iretembodiment has been described 
in connection with the diffraction grating form having a particular constant grating pitch, the invention is not confined 
thereto. Really, the invention is applicable even to a type of cfiffractive optical element in which the grating pitch of the 
diffraction grating varies gradually. In this case, depending on the magnitude of the grating pitch, it is only required to 
change the relative positional shift. 

25 [0078] Fig. 5 is a schematic diagram for explaining a diffractive optical lens as an example of gradual variation of the 
grating pitch. Fig. 6 is a cross-sectional view taken along line A-A of Fig. 5. In this case, it is general that, as shown in 
Fig. 6, two diffraction gratings 4 and 5 whose pitches become progressively smaller as advancing from the lens center 
to the margin are formed on the substrate 2, while the relative positional shift Ar becomes progressively larger 
[0079] Fig. 7 is a graph concerned with the diffractive optical lens having concentric gratings with a center at the opti- 

30 cal axis thereof, showing the radial distrtoution of grating pitches and the relative positional shift Ar taken in the ordinate, 
and the grating number counted from the center taken in the abscissa. The grating pitch width (shown by a solid line 
curve in Fig. 7) rapidly decreases from 200 urn in the paraxial zone and then slowly decreases, finally reaching about 
30 nm. The relative positional shift Ar in ^im (shown by a dashed line curve in Fig. 7) increases from nearly "0" at, or in 
the neighborhood of, the center, in the paraxial zone, and then slowly increases as going toward the margin. 

35 [0080] The second embodiment has been described in connection with the plane plate 2 on which to put the diffrac- 
tion grating 4. However, the diffraction grating may be provided on a spherical surface like the lens surface. Even if so, 
similar results can be attained. 

[0081] Also, although the second embodiment has been illustrated on the assumption that the diffraction order is the 
first order, the invention is not confined to the light in the first order. Even for the light in the second or other orders, if 
40 the combined optical path length difference is determined to be equal to the desired design wavelength in the desired 
diffraction order, similar results can be attained. 

[0082] A third embodiment of the invention is described below with reference to Figs. 8 and 9. Fig. 8 is a front elevation 
view of a diffractive optical element according to the third embodiment. Referring to Fig. 8, a diffraction grating 3 is 
divided into three areas 3-1, 3-2 and 3-3. The relative positional shift of the grating edges differs with the respective 

45 areas 3-1 , 3-2 and 3-3, although, within each of the areas 3-1 , 3-2 and 3-3, the relative positional shift remains constant. 
In any one of the areas, the offset is constant Fig. 9 is a graph similar to Fig. 7, showing the distribution of the grating 
pitch and the relative positional shift Ar with respect to the grating number. In this case, by changing only the grating 
pitch width of the grating portion which lies at the boundary between adjoining two of the areas, even if the distribution 
of the remaining pitches is the same, it becomes possible to obtain the relative positional shrft. Accordingly, from the 

so point of view of manufacturing, the arrangement that produces the effects of the invention can be more easily realized. 
[0083] A fourth embodiment of the invention is described as applied to an optical system using the diffractive optical 
element with reference to Fig. 10. Fig. 10 in longitudinal section view shows a photographic optical system for the cam- 
era or the like. Referring to Fig. 10, a photographic lens 9 is provided, in the interior thereof, with a diaphragm 10 and a 
diffractive optical element 1 formed in a plane-plate shape. Film or a CCD is put on a focal plane 1 1 . 

55 [0084] Since the diffractive optical element 1 is constructed with a plurality of diffraction gratings in laminated form, 
the wavelength-response characteristics of the diffraction efficiency is remarkably improved, so that it is possible to 
obtain a high-performance photographic lens having less flare and having a high resolving power in the low frequencies. 
Also, the diffractive optical element of the invention is. as shown in Fig. 6, amenable even to such a simple production 
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technique that the two diffraction gratings are manufactured in separation and then cemented together at their margins. 
In view of the photographic lens, therefore, the invention can afford a lens which is excellent in mass production and has 
low cost. 

[0085] Although the fourth embodiment has been illustrated in Fig. 10 with the diffractive optical element 1 provided 
s on the surface of the plane glass plate adjacent to the diaphragm 10, the invention is not confined thereto. The diffrac- 
tion grating may otherwise be positioned on the lens surface. Further, a plurality of diffractive optical elements may be 
used in a single photographic lens. 

[0086] Also, although the fourth embodiment has been described as applied to the camera for photography, the inven- 
tion is not confined thereto. It is to be understood that the invention is applicable to the taking lens for the video camera, 
io the image scanner of the office instrument and the reader lens of the digital copying machine. Even in these cases, sim- 
ilar results are attained. 

[0087] Referring to Fig. 1 1 , a fifth embodiment of the invention is described as applied to the observing optical system 
such as binoculars. In Fig. 11, an objective lens 12, a diffractive optical element 1, an image erect prism 13 (image 
inverting means) and an eyepiece 14 are arranged in this order from the object side in front of a viewing plane (pupil) 
15 15. The diffractive optical element 1 of the invention is put behind the objective lens 12 to correct chromatic aberrations 
at an image plane 1 1 . 

[0088] The use of the laminated structure in the plurality of diffraction gratings of the diffractive optical element has 
remarkably improved the wavelength- response characteristics of the diffraction efficiency. It is, therefore, possible to 
obtain an objective lens which has lesser flare and a high resolving power in the low frequencies for a high performance. 
20 Also, the diffractive optical element of the invention is amenable to low unit-cost production techniques. Therefore, the 
invention can afford an observing optical system which is excellent in mass production and is capable of being manu- 
factured at low cost. 

[0089] Although the fifth embodiment has been illustrated with the objective lens 12 associated with the diffractive 
optical element 1, the invention is not confined thereto. The prism surface, or the interior of the eyepiece 14, may be 

25 used as a member on which a diffractive optical element is formed. Even in this case, similar results can be attained. If 
the diffractive optical element takes its place on the object side of the image plane 1 1 . the objective lens 12 produces 
an effect of reducing chromatic aberrations in itself alone. In the case of the observing system by the naked eye. it is, 
therefore, desired to use at least one diffractive optical element adjacent to the objective lens 12. 
[0090] Although the fifth embodiment has been described as applied to the binoculars, the invention is not confined 

30 thereto. It is to be understood that the invention can be applied also to terrestrial telescopes and astronomical tele- 
scopes. Even in application to the optical finders of the leaf shutter cameras and video cameras, similar results can be 
attained. 

[0091 ] It will be appreciated from the foregoing that the diffractive optical element has such a structure of construction 
that at least two diffraction gratings made of at least two materials of different dispersion are superimposed one upon 
35 another in contacted (nearly contacted) relation and such a grating form that grating edges or grating pitches of corre- 
sponding grating portions of the diffraction gratings are relatively shifted from each other in the direction of the grating 
pitch (in the direction of arrangement of grating portions). 

[0092] With the grating edges or grating pitches of the corresponding grating portions relatively shifted from each 
other, there can be obtained a higher diffraction efficiency than that when no shifting is present in the structure of con- 
40 struction of Fig. 1 . In application to an optical system, too, flare or like can be advantageously suppressed to a mini- 
mum. 

[0093] Further, in a case where the diffractive optical element has a diffraction grating of such a structure that the grat- 
ing pitch gradually varies, the relative positional shift is also made to gradually vary according to the grating pitch. 
[0094] Such an arrangement makes it possible to provide a diffractive optical element which, when applied to diffrac- 

45 tion-refraction type lenses and many other optical systems, gives an optima! diffraction efficiency. 

[0095] Also, the diffractive optical element is constructed in such a manner that the relative positional shift of the grat- 
ing edges differs with respective different areas of the diffractive optical element. This arrangement permits employment 
of simpler and easier production techniques with the result of suppressing the lowering of the diffraction efficiency at 
most. When such a diffractive optical element is used in the optical system, flare can be suppressed to an acceptable 

so level. 

[0096] The present invention makes it also possible to employ the diffractive optical element in the high-precision pho- 
tographic lens, thus providing a low-cost photographic lens, while still maintaining high performance. 
[0097] Also, the diffractive optical element of the invention is used in the observing optical system. A low-cost and 
high-precision observing optical system is thus made possible to provide. 
55 [0098] A diffractive optical element is composed of a plurality of diffraction gratings which differ in dispersion from 
each other and are laminated while being spaced to enhance diffraction efficiency for a particular order (design order) 
throughout an entire usable wavelength region, wherein edges of at least part of corresponding grating portions of the 
plurality of diffraction gratings are shifted from each other in a direction of arrangement of grating portions of each dif- 
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fraction grating. 
Claims 

5 1 . A diffraetive optical element, comprising a plurality of diffraction gratings which differ in disp 

and are laminated while being spaced to enhance diffraction efficiency for a particular design order throughout an 
entire usable wavelength region, wherein edges of at least part of corresponding grating portions of the plurality of 
diffraction gratings are shifted from each other in a direction of arrangement of grating portions of each diffraction 
grating. 

10 

2. A diffraetive optical element, comprising a plurality of diffraction gratings which differ in dispersion from each other 
and are laminated while being spaced to enhance diffraction efficiency for a particular design order throughout an 
entire usable wavelength region, wherein grating pitches of at least part of corresponding grating portions of the 
plurality of diffraction gratings are different from each other. 

15 

3. A diffraetive optical element according to claim 1 or 2 t wherein a grating pitch of each of the plurality of diffraction 
gratings is gradually varied, and shifting of edges between corresponding grating portions of the plurality of diffrac- 
tion gratings becomes larger accordingly as the grating pitch of each grating portion becomes smaller. 

20 4. A diffraetive optical element accordin g to claim 1 or 2 , wherein , where n1 L and n2L are re fractive indices for an arbi- 
trary wavelength X on a light-entrance side and a light-exit side, respectively, of a material of the L-th diffraction grat- 
ing, when counted from a substrate, of the plurality of diffraction gratings, OL is an angle an incident ray makes with 
a normal line of a grating, P is a grating pitch, dl_ is a grating thickness of the L-th diffraction grating, and DL is a 
distance between the L-th diffraction grating and the (L+1)st diffraction grating, a positional shift AxL between 

25 edges of corresponding grating portions of the (L+1)st diffraction grating and the L-th diffraction grating satisfies the 

following condition: 

0 < AxL < 2((dL/2) + DL) * tana L+1 a L+1 =sin' 1 ((n1L * sinOL - (n1L - n2L) d1/P)/ n2L). 

30 5. A diffraetive optical element according to claim 1 , wherein the diffraetive optical element has a plurality of areas in 
a light-transmitting plane, and edges of corresponding grating portions of laminated diffraction gratings in part of 
the plurality of areas are shifted from each other. 

6. A diffraetive optical element according to claim 2, wherein the diffraetive optical element has a plurality of areas in 
35 a light-transmitting plane, and grating pitches of corresponding grating portions of laminated diffraction gratings in 

part of the plurality of areas are different from each other. 

7. A diffraetive optical element according to claim 1 , wherein shifting of edges between corresponding grating portions 
of the plurality of diffraction gratings is realized by changing the width of a grating pitch at particular locations of the 

40 grating portions. 

8. A diffraetive optical element according to claim 2, wherein a difference between grating pitches of corresponding 
grating portions of the plurality of diffraction gratings is realized by changing the width of a grating pitch at particular 
locations of the grating portions. 

45 

9. A diffraetive optical element according to claim 1 or 2 f wherein the plurality of diffraction gratings include at least 
one diffraction grating a direction of a grating portion of which is different from that of the other diffraction gratings. 

10. A diffraetive optical element according to claim 1 or 2, wherein the usable wavelength region is a visible spectrum. 

so 

1 1 . A diffraetive optical element according to claim 1 or 2, wherein the first diffraction grating, when counted from a sub- 
strate, of the laminated plurality of diffraction gratings is made from the same material as that of the substrate. 

1 2. A diffraetive optical element according to claim 1 or 2. wherein the plurality of diffraction gratings consist of two dif- 
55 fraction gratings having respective grating portions edges or pitches of which are shifted or different from each 

other, the two diffraction gratings confronting each other across an air layer. 

13. A diffraetive optical element, comprising a plurality of diffraction gratings which differ in dispersion from each other 



10 



XMD: <EP 



0965864A2 I > 



EP 0 965 864 A2 



and are laminated while being spaced, wherein, with respect to at least two wavelengths, a maximum optical path 
length difference is made equal to integer times each of the wavelengths, and wherein edges of at least part of cor- 
responding grating portions of the plurality of diffraction gratings are shifted from each other in a direction of 
arrangement of grating portions of each diffraction grating. 

5 

14. A diffractive optical element, comprising a plurality of diffraction gratings which differ in dispersion from each other 
and are laminated while being spaced, wherein, with respect to at least two wavelengths, a maximum optical path 
length difference is made equal to integer times each of the wavelengths, and wherein grating pitches of at least 
part of corresponding grating portions of the plurality of diffraction gratings are different from each other. 

10 

15. A diffractive optical element according to claim 13 or 14, wherein a grating pitch of each of the plurality of diffraction 
gratings is gradually varied, and shifting of edges between corresponding grating portions of the plurality of diffrac- 
tion gratings becomes larger accordingly as the grating pitch of each grating portion becomes smaller. 

is 16. A diffractive optical element according to claim 13 or 14, wherein, where n1 L and n2L are refractive indices for an 
arbitrary wavelength A, on a light-entrance side and a light-exit side, respectively, of a material of the L-th diffraction 
grating, when counted from a substrate, of the plurality of diffraction gratings, 6L is an angle an incident ray makes 
with a normal line of a grating, P is a grating pitch, dL is a grating thickness of the L-th diffraction grating, and DL is 
a distance between the L-th diffraction grating and the (L+1)st diffraction grating, a positional shift AxL between 

20 edges of corresponding grating portions of the (L+1 )st diffraction grating and the L-th diffraction grating satisfies the 
following condition: 

0 < AxL < 2((dU2) + DL) * tan <x L+1 a L+1 = sin 1 ((n1 L * sin8L - (n1 L - n2L) d1/P) / n2L). 

25 1 7. A diffractive optical element according to claim 13, wherein the diffractive optical element has a plurality of areas in 
a light-transmitting plane, and edges of corresponding grating portions of laminated diffraction gratings in part of 
the plurality of areas are shifted from each other. 

18. A diffractive optical element according to claim 14, wherein the diffractive optical element has a plurality of areas in 
30 a light-transmitting plane, and grating pitches of corresponding grating portions of laminated diffraction gratings in 

part of the plurality of areas are different from each other. 

19. A diffractive optical element according to claim 13, wherein shifting of edges between corresponding grating por- 
tions of the plurality of diffraction gratings is realized by changing the width of a grating pitch at particular locations 

35 of the grating portions. 

20. A diffractive optical element according to claim 14, wherein a difference between grating pitches of corresponding 
grating portions of the plurality of diffraction gratings is realized by changing the width of a grating pitch at particular 
locations of the grating portions. 

40 

21 . A diffractive optical element according to claim 1 3 or 1 4, wherein the plurality of diffraction gratings include at least 
one diffraction grating a direction of a grating portion of which is different from that of the other diffraction gratings. 

22. A diffractive optical element according to claim 13 or 14, wherein the two wavelengths are included in a visible 
45 spectrum. 

23. A diffractive optical element according to claim 13 or 14, wherein the first diffraction grating, when counted from a 
substrate, of the laminated plurality of diffraction gratings is made from the same material as that of the substrate. 

so 24. A diffractive optical element according to claim 13 or 14, wherein the plurality of diffraction gratings consist of two 
diffraction gratings having respective grating portions edges or pitches of which are shifted or different from each 
other, the two diffraction gratings confronting each other across an air layer. 

25. A diffractive optical element according to claim 1 or 2, wherein the diffraction efficiency in the particular design 
55 order is made not less than 95% in a wavelength range of 450 nm to 650 nm. 

26. A diffractive optical element according to claim 13 or 14, wherein diffraction efficiency in a particular order is made 
not less than 95% in a wavelength range of 450 nm to 650 nm. 
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27. An optical system using the diffractive optical element according to one of claims 1,2, 13 and 14. 

28. An optical system according to claim 27. wherein the optical system is an image forming optical system. 

29. An optical system according to claim 27, wherein the optical system is an observing optical systemr — 
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